Abstract Tissue inhibitor of metalloproteinases-3 (TIMP3) is a tumor suppressor and a potent inhibitor of angiogenesis. TIMP3 exerts its anti-angiogenic effect via a direct interaction with vascular endothelial growth factor (VEGF) receptor-2 (KDR) and inhibition of proliferation, migration and tube formation of endothelial cells (ECs). TIMP3 has also been shown to induce apoptosis in some cancer cells and vascular smooth muscle cells via MMP inhibition and caspasedependent mechanisms. In this study, we examined the molecular mechanisms of TIMP3-mediated apoptosis in endothelial cells. We have previously demonstrated that mice developed smaller tumors with decreased vascularity when injected with breast carcinoma cells overexpressing TIMP3, than with control breast carcinoma cells. TIMP3 overexpression resulted in increased apoptosis in human breast carcinoma (MDA-MB435) in vivo but not in vitro. However, TIMP3 could induce apoptosis in ECs in vitro. The apoptotic activity of TIMP3 in ECs appears to be independent of MMP inhibitory activity. Furthermore, the equivalent expression of functional TIMP3 promoted apoptosis and caspase activation in ECs expressing KDR (PAE/KDR), but not in ECs expressing PDGF beta-receptor (PAE/b-R). Surprisingly, the apoptotic activity of TIMP3 appears to be independent of caspases. TIMP3 inhibited matrix-induced focal adhesion kinase (FAK) tyrosine phosphorylation and association with paxillin and disrupted the incorporation of b3 integrin, FAK and paxillin into focal adhesion contacts on the matrix, which were not affected by caspase inhibitors. Thus, TIMP3 may induce apoptosis in ECs by triggering a caspase-independent cell death pathway and targeting a FAK-dependent survival pathway.
Introduction
Angiogenesis (the formation of new blood vessels from preexisting vasculature) plays an important role in physiological processes and in pathological conditions such as cancer and age-related macular degeneration [1] [2] [3] . It is a multistep process that includes the activation of endothelial cells (ECs) by growth factors, the subsequent degradation of the extracellular matrix (ECM) by proteolytic enzymes such as matrix metalloproteinases (MMPs) followed by invasion of the ECM, migration and proliferation of ECs, and finally the formation of new capillary tubes. Eventually, the newly formed capillary network is stabilized following the recruitment of pericytes [4] . The initiation of angiogenesis is dependent on a dynamic balance between pro-angiogenic and anti-angiogenic factors. A positive balance in favor of angiogenic factors leads to new vessel formation, whereas the prevalence of anti-angiogenic factors shifts the equilibrium to vessel quiescence or under particular circumstances, even to vessel regression by inducing apoptosis in ECs [5] .
VEGF is a major pro-angiogenic factor and promotes EC survival by inhibition of apoptosis [6] . Interestingly, the survival effect of VEGF is dependent on the binding of VEGF to its receptor VEGFR-2, whereas VEGFR-1-specific ligands (such as PIGF) do not promote survival of ECs [7] . ECM components comprise a major group of angiogenesis mediators [8] . The adhesion of ECs to ECM proteins is essential for EC survival and angiogenesis. Integrins such as amb3 are critical for mediating the adhesion of ECs to ECM proteins and providing a potent survival signal [6, 9] . Naturally occurring inhibitors of angiogenesis i.e. antiangiogenic factors are found in mammalian tissues, where they help maintain the quiescence of the normal vasculature. Thus, angiogenic inhibitors have been considered as potent anticancer drugs. Tissue inhibitors of metalloproteinase-3 (TIMP3), one of four members of a family of proteins that were originally classified according to their ability to inhibit MMPs [10, 11] is a naturally occurring inhibitor of angiogenesis that limits vessel density in the vascular bed of tumors and curtails tumor growth [12] [13] [14] . Unlike the other TIMPs, which are soluble, TIMP-3 is unique in being a component of ECM [11] . It is also the only TIMP that can inhibit tumor necrosis factor alpha (TNF-a) converting enzyme (TACE/ADAM17), and aggrecanase 1 and 2 (ADAMTS4 and ADAMTS5) [15] . TIMP3 (but not TIMP1 or TIMP2) induces apoptosis in certain non-endothelial cells such as retinal pigment epithelial cells [16] , vascular smooth muscle cells [17] melanoma [18] human colon carcinoma [19] , moderately invasive HeLa cervical carcinoma cells, highly invasive HT1080 fibrosarcoma cells and non-invasive MCF-7 adenocarcinoma cells [20] but not in COS-7 cells [21] . The pro-death domain of TIMP3 has been localized to the N terminus, the region associated with MMP inhibitory activity [22] , and it has been proposed, at least in colon cancer cells and melanoma, that TIMP3 promotes apoptosis through stabilization of TNF-a receptors on the cell surface, leading to increased susceptibility to apoptosis [19, 23] . Bond et al. have reported that TIMP3 induces a Fasassociated death domain-dependent type II apoptotic pathway [24] . On the other hand, deficiency of TIMP3 in homozygous knockout mice resulted in enhanced apoptosis during mammary gland involution [25] , as well as a failure of liver regeneration and hepatocyte apoptosis via activation of TNF [26] .
Whether TIMP3 induces endothelial apoptosis is unknown. Our previous data has established that TIMP3 exerts its anti-angiogenic effect by inhibiting proliferation, migration and tube formation of ECs via a direct interaction with VEGF receptor-2 [27] . Since apoptosis of ECs in the vascular bed of tumors has been suggested to precede apoptosis of tumor cells [28] , and the induction of EC apoptosis may counteract angiogenesis, we hypothesized that TIMP3 may induce EC apoptosis, and subsequently inhibit tumor angiogenesis and tumor growth.
Results

TIMP3 overexpression induces apoptosis in human breast carcinoma in vivo but not in vitro
We have previously demonstrated that increased expression of TIMP-3 in a breast cancer cell line, MDA-MB 435 inhibits angiogenesis and tumor growth in mice [12] . Since TIMP3 induces apoptosis in a number of cancer cell lines, we examined the effect of TIMP3 over-expression in MDA-MB 435 on apoptosis in vitro and in vivo. Western blot analysis (Fig. 1a ) and reverse zymography (Fig. 1b) demonstrated that a 24-kDa functional TIMP3 was expressed in the ECM of MDA-MB 435 tumor cells transfected with TIMP3 when compared with control cells transfected with empty vector. To assess tumor cell apoptosis, tumor cells expressing TIMP3 and vector control cells were serum-starved and subsequently subjected to ApopTag kit that detects DNA fragments associated with apoptosis. As shown in Fig. 1c and d, ApopTag positive apoptotic cells were not observed in either vector control cells (Fig. 1c, e) or tumor cells expressing TIMP3 (Fig. 1d,  f) , indicating that TIMP3 does not directly induce apoptosis in this tumor cell line (Fig. 1i) . Similarly, expression of TIMP3 had no significant effect on growth rate of tumor cells as we have reported previously [12] .
We next investigated the effect of TIMP3 expression on tumor apoptosis in vivo. ApopTag kit analysis of tumor sections determined a significant increase in apoptotic cells in TIMP3-derived tumors (Fig. 1h ) compared with vectorderived tumors (Fig. 1g, j) . Taken together, the results from in vitro and in vivo experiments suggest that TIMP3 may induce MDA-MB 435 cell apoptosis in an angiogenesis inhibition-dependent manner by inducing endothelial cell apoptosis in tumors.
Adenoviral wild-type TIMP3 and TIMP3 Cys1-Ser induce apoptosis in choroidal endothelial cells
To determine if TIMP3 can induce apoptosis directly in endothelial cells, we over-expressed TIMP3 in a monkey choroidal endothelial cell line CRL-1780 using a recombinant adenovirus (Rad:WT-TIMP3). As a comparison the cells were also infected with recombinant adenovirus (Rad:TIMP3cys1-ser) that has the cys1 mutated to ser, which renders the TIMP3 to be an inactive MMP2 inhibitor. The cell matrix extracts from CRL-1780 72-h post-infection were analyzed for the expression or MMP inhibitory activity, by western blots or reverse zymography respectively. Like WT-TIMP3, TIMP3 cys1-ser was predominantly expressed in the ECM but at lower levels (Fig. 2a) . As expected, reverse zymography confirmed that TIMP3cys1-ser lacked MMP-inhibitory activity relative to WT-TIMP3 (Fig. 2a) . RT-PCR experiments determined that infection with Rad:TIMP3 cys1-ser resulted in lower levels of TIMP3 mRNA as compared with infection with Rad:WT-TIMP3 (Fig. 2b) , which is consistent with the results from the western blot experiments. These results suggest that Rad:TIMP3cys1-ser had a lower infection efficiency relative to Rad:WT-TIMP3. We next analyzed apoptosis in cells transfected with the adenoviruses. Most of CRL-1780 and some of ARPE-19 cells transfected with RAD:TIMP3 cys1-ser became increasingly rounded and detached from the substratum and stained positive with ApopTag Direct kit (Fig. 2c) but to a lesser extent than. Rad:WT-TIMP3 (Fig. 2c) . However, RAD:TIMP3 cys1-ser induced apoptosis in a dose-dependent manner and showed a similar extent of adjusted apoptotic index to WT-TIMP3 (ratio of apoptotic index to TIMP3 mRNA expression). Therefore, these results suggest that TIMP3 may induce endothelial cell apoptosis in an MMP inhibition-independent manner. TIMP3 expression promotes apoptosis and caspase activation in angiogenic ECs expressing VEGF receptor-2 (KDR) but not in non-angiogenic ECs expressing PDGF-beta receptor We analyzed endothelial cell apoptosis using porcine aortic endothelial (PAE) cell lines expressing VEGFR-2 (PAE/ KDR) or PDGF beta receptor (PAE/b-R), parental control (PAE) cells and PAE/KDR or PAE/b-R cells expressing TIMP3 (Fig. 3a) . Initially, we examined the effect of TIMP3 expression on the angiogenic ability of these cell lines using an in vitro tube formation assay. Cells were sandwiched between two layers of Matrigel matrix and incubated in serum-free medium. After an 48-h incubation, we observed that PAE/KDR but not PAE/b-R nor parental PAE cells autonomously formed tube-like structures (Fig. 3b) , suggesting that ectopic expression of KDR rather than b-R results in an angiogenic phenotype of endothelial cells. In contrast, PAE/KDR clones expressing TIMP3 (W1 and W3) failed to form tube-like structures but rather underwent morphological changes of death (Fig. 3b) . On the other hand, PAE/b-R clones expressing TIMP3 neither formed tubes nor showed obvious morphological changes of death, suggesting that TIMP3 could specifically inhibit VEGF-dependent angiogenesis by directly inducing apoptosis. To evaluate TIMP3-induced apoptosis, PAE/KDR/ TIMP3 clone (W1) and vector were incubated in serumfree medium for different time periods and analyzed by (Fig. 3d ). It has been previously reported that caspase activation plays a role in TIMP3-induced apoptosis in some non-endothelial cells. Therefore, we measured caspase activity in PAE/KDR and PAE/b-R cells expressing TIMP3 or empty vector using CasPASE TM apoptosis assays. As shown in Fig. 4a , caspase activity was significantly increased in PAE/KDR/TIMP3 cells (clones W1 and W3) but not in PAE/b-R/TIMP3 cells (clone W1) compared with the corresponding vector controls following two-day serum starvation. Therefore, these results suggest that TIMP3 may selectively promote apoptosis via increased caspase activity in angiogenic endothelial cells.
TIMP3 overexpression promotes apoptosis in angiogenic PAE/KDR cells independent of caspases
To address the contribution of caspases to apoptosis induction in response to TIMP3 over-expression, we employed a set of caspase inhibitors including a pan-capase inhibitor Z-VAD-FMK, a specific caspase-8 inhibitor Z-IETD-FMK and a specific caspase-3 inhibitor DEVD. Although Z-VAD-FMK inhibited TIMP3-incuced activation of caspases (Fig. 4a) , it failed to prevent TIMP3-induced apoptosis in PAE/KDR cells including morphological changes of cell death in a tube formation and increased DNA fragments detected by ApopTag direct kit ( Fig. 4b and c) . Z-IETD-FMK and DEVD were also ineffective in their ability to inhibit the apoptotic activity of TIMP3 ( Fig. 4b and c) . Both Z-IETD and DEVD were effective in inhibiting caspase activity in PAE cells (Supplementary Fig. 1 ). Focal adhesion kinase (FAK) and paxillin have been previously shown to be cleaved in caspase-induced apoptosis [29] . We wanted to determine if the increased caspase activity in ECs expressing TIMP-3 resulted in FAK and paxillin cleavage. PAE/KDR or PAE/ b cells expressing TIMP3 or vector were serum-starved for 2 days and analyzed by immunoprecipitation and/or immunoblotting with anti-FAK or anti-paxillin antibodies. We found that ECs expressing VEGFR2 (PAE/KDR/V cells) had increased FAK fragments in the range of 70-100 kDa compared to ECs expressing PDGF-b receptor (PAE/bR/V) ( Fig. 5 left panel) . However, FAK fragments were not increased in PAE/KDR/TIMP3 cells (clonesW1 or W3) or PAE/b/TIMP3 cells (clone W1) compared with the corresponding vector cells (Fig. 5 left panel) . A paxillin fragment (55 kDa) was also increased in PAE/KDR/V cells compared parental PAE cells (Fig. 5 middle panel) and the expression of TIMP3 (PAE/KDR/TIMP3 cells (clone W1) had no effect on the amount of paxillin fragmentation ( Fig. 5 middle panel) . Mitochondria outer membrane permeabilization (MOMP) has been shown to promote caspase-independent death [30] . Since Bax or Bcl2 protein are critical mitochondrial effectors or regulators, we investigated the effect of TIMP3 expression on the level of Bcl2 and Bax protein in PAE/KDR cells. Cells expressing TIMP3 (W1) or empty vector (V) were serum-starved for two days and analyzed by western blots with anti-Bax or anti-Bcl2 antibody. We found that Bax protein levels were dramatically increased in PAE/KDR/TIMP3, and BCl2 levels were significantly decreased relative to vector controls (Fig. 5 right panel) . Taken together, these results suggest that TIMP3 promotes apoptosis in angiogeneic cells by triggering a caspaseindependent cell death pathway. formation on matrix [31] . To determine early signaling events leading to EC apoptosis induced by TIMP3, we initially investigated the effect of TIMP3 expression on FAK tyrosine phosphorylation and its association with paxillin, a critical downstream effector. Confluent PAE/KDR cells expressing TIMP3 or empty vector and parental PAE cells were plated on to Matrigel-coated culture dishes. After a 15-min incubation, cells were analyzed by immunoprecipitation with anti-FAK antibodies and immunoblotting with anti-FAK, phosphotyrosine and paxillin antibodies. We found that ECs expressing VEGFR2 (PAE/KDR/V) had increased FAK, FAK tyrosine phosphorylation and association with paxillin relative to parental PAE cells that did not express VEGFR2 (Fig. 6a) . However, FAK tyrosine phosphorylation and its association with paxillin were decreased in ECs expressing VEGFR2 and TIMP3 (PAE/KDR/TIMP3) compared with vector control cells (Fig. 6a) . We also investigated the effect of TIMP3 expression on focal adhesion formation in PAE/KDR and PAE/b-R cells plated on a Matrigel matrix. Cells were plated and allowed to attach and spread on matrigel for 1 h, and subsequently analyzed for focal adhesion formation by immunofluorescence staining with antibodies recognizing b3 integrin, phosphotyrosine, FAK and paxillin, all which have been shown to be localized in focal adhesion contacts. As shown in Fig. 6b , anti-phosphotyrosine, anti-b3 integrin, anti-FAK or anti-paxillin antibodies revealed a punctate radial staining pattern around both PAE/KDR/vector and PAE/b-R/ vector control cells which are typical for focal adhesion contacts. Focal adhesion contacts were also observed in PAE/ KDR/TIMP3 cells and PAE/b-R/TIMP3 cells when stained with anti-phosphotyrosine (Fig. 6b) . However, the incorporation of b3, FAK and paxillin into focal adhesion contacts was significantly reduced in PAE/KDR/TIMP3 cells (Fig. 6b) . In contrast, TIMP3 expression in ECs expressing PDGF b-receptor (PAE/b-R/TIMP3) resulted in decreased incorporation of b3 into focal adhesion contacts but had no any effect on FAK-and paxillin-dependent focal adhesion formation. These results suggest that TIMP3 may selectively promote apoptosis in angiogenic ECs by targeting FAK-and paxillin-dependent cell survival pathway.
TIMP3 overexpression disrupts focal adhesion formation in angiogenic PAE/KDR cells independent of caspases
We examined whether caspases contribute to the inhibition of focal adhesion contacts mediated by TIMP3 using caspase inhibitors Z-VAD-FMK, Z-IETD-FMK and DEVD. PAE/KDR/Vector or PAE/KDR/TIMP3 cells were plated and allowed to spread on matrigel in the presence or absence of inhibitors of pan-caspase (zVAD), caspase-3 (DEVD) and caspase-8 (zIETD) for 1 h and subsequently analyzed for focal adhesion formation by immunofluorescence staining with anti-paxillin antibody. As shown in Fig. 7 , none of the caspase inhibitors inhibitors had any effect on the incorporation of paxillin into focal contacts in PAE/KDR/vector cells or on the inhibitory activity of TIMP3 on paxillin-dependent focal adhesion formation. This suggests that TIMP3 disrupts paxillin-dependent focal adhesion formation in angiogenic ECs in a caspase-independent manner.
Materials and methods
Cells and reagents
Monkey ECs of choroid-retina (CRL-1780; ATCC TM , Manassas, Virginia), porcine aortic endothelial (PAE) cell lines expressing KDR (PAE/KDR) and, PDGFb-R (PAE/b-R) [27] and human retinal pigment epithelial cells (ARPE-19, American Type Culture Collection) were cultured in Ham's F-12/DMEM medium supplemented with 10 % fetal calf serum (FCS) (Cambrex, East Rutherford, NJ). The following antibodies were used in this study; monoclonal anti TIMP3 antibody from Chemicon International, Inc (Temecula, CA), anti-phosphotyrosine mAb, clone 4G10 and anti-paxillin mAb, clone 5H11 from Upstate Biotechnology Inc (Lake Placid, NY), anti-FAK mAb, clone 77 from Transduction Laboratories (Lexington, KY), anti-Bax (P-19), anti-Bcl2 rabbit polyclonal antibodies and anti-actin (C-11) goat polyclonal antibody from Santa Cruz Biotechnology (Dallas, TX). Growth factor reduced matrigel was purchased from BD Biosciences (Bedford, MA). Z-VAD-FMK (pan-caspase inhibitor), Z-DEVD-FMK (caspase-3 inhibitor II) and Z-IETD-FMK(caspase inhibitor II) were purchased from Calbiochem (Darmstadt, Germany).
Generation of TIMP-3-expressing endothelial cell lines
A 550 bp TIMP-3 insert from a human cDNA clone [12, 27] was fused in frame with a FLAG epitope DYKDDDK at its COOH terminal end and cloned into expression vector pCEP4(Invitrogen, Life Technologies, Grand Island, NY). PAE cells expressing KDR or PDGFb-R were transfected with TIMP-3 cDNA in pCEP4 using Lipofectamine reagent (Gibco-BRL, Life Technologies, Grand Island, NY) according to the manufacturer's protocol as described previously [12, 27] . Stable clones were isolated by Hygromycin selection. Control cells were transfected using pCEP4 vector without any insert and selected with Hygromycin. Western blot analysis and reverse zymography was used to confirm expression of TIMP-3.
Adenovirus infection
Recombinant adenovirus Rad66 containing the cytomegalovirus immediate early promoter and polyadenylation signal and transgene wtTIMP-3 were obtained from Dr. Andrew Baker (Univ. of Glasgow, United Kingdom). Cells were cultured in six well plates in complete medium. Subconfluent cells (80 %) were infected with adenovirus as described previously [17, 27] . Cells were infected at 50 or 100 plaque-forming units (pfu)/cell in 1 ml of complete medium for 18 h. Medium was then replaced with 2 ml of fresh complete medium and left for 72 h prior to analysis.
Gelatin zymography and reverse zymography
Equal amounts of protein were dissolved in non-reducing Laemmli sample buffer and separated by electrophoresis using 7.5 % SDS-polyacrylamide gels containing 1 mg/ml gelatin (gelatin zymography) or using 12 % SDS-polyacrylamide gels containing 1 mg/ml gelatin and RPE cellconditioned media, as a source of MMPs, (reverse zymography). Following electrophoresis, gels were processed as described previously [32, 33] . Briefly, gels were agitated in a solution of 25 mg/ml Triton X-100 to remove SDS and to promote renaturation of proteases and inhibitors. The Triton was washed off with water and the gels then incubated for 16 h in 50 mM Tris-HCl (pH 7.5) containing 5 mM CaCl 2 and 0.2 mg/ml sodium azide at 37°C. Gels were stained with 5 mg/ml Coomassie Blue R-250 in acetic acid/methanol/water (1:3:6) for 2 h and destained with acetic acid/methanol/water (1:3:6).
Immunoprecipitation and immunoblotting
Cells were lysed in lysis buffer composed of 20 mM TrisHCl, pH 7.5, 150 mM NaCl, 2.5 mM EDTA, 10 % glycerol, 1 % Triton X-100, and protease inhibitor cocktail tablets (Roche). Protein concentration was determined using a micro_BCA protein assay (ThermoScientific, Rockford, IL) according to the maunfacturer's instructions. The lysates were incubated with primary antibodies for 1 h on ice, followed by incubation with immobilized protein G (Santa Cruz Biotechnology, Inc) for 30 min at 4°C. Immunoprecipitated samples were separated by SDS-PAGE under reducing conditions, and transferred to nitrocellulose membranes (Hybond-C extra, Amersham, GE HealthCare, Pittsburgh, PA). Membranes were blocked in 5 % non-fat milk containing 0.2 % Tween-20 in PBS at room temperature for 1 h and probed with the indicated antibodies for 1 h. After washing with PBS/Tween, proteins were detected with HRP-conjugated secondary lgG antibodies followed by ECL. The blots were re-stripped with Western ReProbe TM solution (GBioSciences, St Louis, MO) for 30 min and reprobed.
In vitro tube formation assay
In vitro formation of tubular structures was studied with a modified three-dimensional matrix assay as previous described [27, 34, 35] . Briefly, the cells pretreated with or without caspase inhibitors for 30 min were subjected to a first layer of growth factor-reduced Matrigel (Becton-Dickinson, Bedford, MA) in 24 well plates at 2 9 10 4 cells/well. After a 4 h incubation, a second layer of Matrigel was added. After gelling, cultures were maintained in serum-free DMEM/F-12 medium in the presence or absence of caspase inhibitors for 72 h. The cellular morphology were examined using a phase-contrast microscopy.
Caspase assay Subconfluent cells were starved in 0.25 % (v/v) FBS. Twenty four hour later, caspase activity in cell lysates was measured using CasPASE TM apoptosis assay (GenoTech, St. Lous, MO) following the manufacturer's instructions.
Apoptosis assay
For ApopTag fluorescein in situ apoptosis detection kit, briefly, cells were plated in 75-cm 2 flasks and grown to 90 % confluence. The cells were then subjected to serumfree treatment in the presence or absence caspase inhibitors. A 48 h, the treated cell were removed from the tissue culture by a gentle scraping, centrifuged and washed with 1 PBS. 5 9 10 7 cells/ml were fixed in 1 % paraformaldehyde. 50-100 ll of cell suspension was dried on a microscope slide and stained using fluorescent labeled nucleotides and counter-stained with DIPA. ApoTag R and DAPI positive cells were visualized by with fluorescent microscopy. The percentage of ApoTag R positive cells out of 200-500 DAPI positive cells was calculated as an apoptotic idex. For flow cytometry method, confluent cells were starved in serum-free medium for 48 and were then removed from culture flasks by trypsizination. 2 9 10 6 -cells were fixed in 1 % paraformaldehyde. DNA fragmentation was detected by staining cells with propidium iodide and quantitated by flow cytometry (Core service).
Immunocytochemical and immunoflurescent analyses
Falcon cultureslids (Becton-Dickinson Labware Franklin Lakes, NJ), were coated with 5 lg/ml vitronectin or 50 lg/ ml matrigel overnight at 4°C and blocked with 3 % bovine serum albumin (BSA) in PBS for 2 h at room temperature at 37°C. The subconfluent cells were removed from culture flasks by trypsizination, washed and resuspended in 0.2 % (v/v) serum culture medium. 20,000 cells were transfered into FALCON cultureslids and incubated for 1 h at 37°C. Cells were then fixed in 1 % paraformaldehyde in PBS for 10 min at 4°C, and permeabilized in 0.2 % triton X-100 for 10 min at room temperature. After blocked using 3 % BSA in PBS, cells were incubated with 4 lg/ml anti-FAK, anti-paxillin and anti-phosphotyrosine (PY-20) antibodies in 1 % BSA in PBS for 1 h at room temperature, and visualized via a two-step staining procedure in combination of biotinylated anti-mouse lgG (1:1,000) as the secondary antibody and Texas Red avidin D (1:1,500). Cells were finally washed with PBS, and counterstained with an antifade medium containing DAPI, and mounted under a glass coverslip, prior to fluorescent microscopy.
Statistical analysis
The p values were calculated from Student's t test using comparisons with control samples tested at the same time.
Discussion
For a wide range of tumors, increased neovascularization is critical for the transition from hyperplasia to neoplasia and increased metastasis. Various studies have suggested that increased microvascular density often predicts a more aggressive cancer [36] [37] [38] [39] and targeting newly forming tumor vasculature has been a promising approach for the treatment of cancers.
TIMP3 has been classified as a potential tumor suppressor due to its correlation with an aggressive phenotype and shortened disease free survival in breast cancer [40, 41] . In addition epigenetic silencing of TIMP3 occurs in a variety of solid tumors [42] [43] [44] [45] . We have demonstrated previously that TIMP3 is an inhibitor of VEGF-induced angiogenesis and functions by inhibiting EC migration, proliferation and tube formation via a direct interaction with VEGFR-2 [27] .
A balance between endothelial cell proliferation and apoptosis regulates the homeostasis of the ECs lining blood vessels. In this study, we have demonstrated that TIMP3 induces apoptosis in angiogenic ECs likely via VEGFR-2. Apoptosis of ECs in turn leads to loss of survival of breast cancer cells due to angio-inhibition.
The pro-death domain of TIMP3 has been localized to the N terminus, the region associated with MMP inhibitory activity [22] . It has also been proposed, at least in colon cancer cells and melanoma, that TIMP3 promotes apoptosis through stabilization of TNF-a receptors on the cell surface, leading to increased susceptibility to apoptosis [19, 23] . On the other hand, deficiency of TIMP3 in homozygous knockout mice results in enhanced apoptosis during mammary gland involution. TIMP3 expression has been also shown to induce activation of initiator caspase-8 and -9 and promote caspase-mediated cleavage of the death substrates poly ADP-ribose polymerase and FAK via a Fasassoicated death domain-dependent Type II apoptotic pathway in both rat VSMC and Hela cells [24] . In contrast to these findings, our results indicate that TIMP3 induces endothelial apoptosis in an MMP inhibition-independent fashion. ECs infected with a recombinant adenovirus expressing mutant TIMP3cys1-ser that was devoid of MMP inhibitory activity induced apoptotic cell death as efficiently as when infected with adenovirus expressing wild-type TIMP3. Furthermore, equivalent expression of TIMP3 predominantly promoted apoptosis and caspase activation in ECs expressing VEGFR-2 (PAE/KDR), but not in a non-angiogenic PAE lacking KDR but expressing PDGF-bR (PAE/b-R) cells. We also observed that even though TIMP3 induced an increase in caspase activity, caspase was unlikely to be a mediator in apoptosis as caspase inhibition by polycaspase and specific caspase-3 and -8 inhibitors failed to prevent TIMP3-induced morphological changes of cell death. Furthermore, the cleavage of FAK and paxillin, two caspase substrates, was not concurrently increased with TIMP3-induced apoptosis. These results suggest that TIMP3 induces endothelial cell apoptosis via a caspase-independent mechanism, which is different from that induced in non-endothelial cells.
It has been previously suggested that the release of mitochondrial proteins as a result of mitochondrial outer membrane permeabilization (MOMP) can promote caspase-independent death through mechanisms that are relatively poorly defined [46] . TIMP3 overexpression has been shown to induce mitochondrial activation as demonstrated by loss of mitochondrial membrane potential and release of cytochrome c in both rat VSMC and Hela cells [24] . In the present study, TIMP3 expression in ECs resulted in an increase of Bax and decrease of Bcl2 proteins. Since Bax (a multidomain proapoptotic member) and Bcl2 (an antiapoptotic member) may promote or prevent the release of mitochondrial apoptogens [47] respectively, we hypothesize that TIMP3 may induce a caspase-independent endothelial apoptosis by increasing release of mitochondrial apoptogens though a Bax-dependent pathway.
Growth factors such as VEGF and PDGF may promote EC survival by inhibition of apoptosis [6, 48] . Integrins such as amb3-integrin may function as EC survival factors by preventing anoikis by enhancing binding to the extracellular matrix as well as may function in concert with VEGF or PDGF to promote EC survival [6, [48] [49] [50] [51] [52] . FAK has been demonstrated to be a key component of the signal transduction pathways triggered by VEGFR-2, PGGF betareceptor or amb3-integrin and mediate cell survival by promoting downstream signaling and focal adhesion formation on matrix. We asked if TIMP3 could promote apoptosis by inhibiting FAK signaling through VEGFR-2, PDGF beta receptor and/or integrins in addition to activation of cell death pathway? In a previous study, we have demonstrated that TIMP3 inhibited VEGF-mediated angiogenesis by blocking binding of VEGF to VEGF receptor and downstream signaling via a direct interaction with VEGFR-2 but had no affect PDGF-BB binding to PDGF beta-receptor [33] . In this study, we found that expression of TIMP3 inhibited the matrix-mediated tyrosine phosphorylation of FAK, association with paxillin and the incorporation of FAK and paxillin into focal contacts in PAE/KDR cells but not in PAE/b-R cells. Thus, one possible explanation for TIMP3-induced apoptosis in angiogenic PAE/KDR rather than non-angiogenic PAE/b-R is that there is a selective inhibition of VEGFR-2-FAK rather than PDGF beta-receptor-FAK survival pathway. We noted that TIMP3 completely blocked the incorporation of b3-integrin into focal adhesion contacts in PAE/KDR but to a less extent, in PAE/b-R cells. We also found that vitronectin but not laminin inhibited 125 I-TIMP3 binding to ECs (data not shown). These results suggest a potential interaction between TIMP3 and vitronection and/or b3-integrin. Since ligation of amb3-integrin is required for the survival of the angiogenic phenotype of ECs [5] and there is a cross talk between VEGFR-2/PDGF beta-receptor and amb3-integrin [38] [39] [40] [41] , we reason that TIMP3 may promote apoptosis in angiogenic PAE/KDR cells by targeting the FAK pathway trigged by both VEGFR-2 and amb3-integrin.
Putative pathways to caspase-independent cell death induced by TIMP3 and unanswered questions are presented in Fig. 8 . Overall, we have identified an additional functional feature of TIMP3 in ECs: induction of apoptosis and suggest an MMP inhibition and caspase-independent mechanism underlying TIMP3-induced endothelial apoptosis. 
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